Abstract: Ti-1Al-8V-5Fe (Ti-185) and other Fe containing -Ti alloys are attractive because of their high strength and low cost. These alloys, however, cannot be produced through ingot casting due to strong Fe segregation and the formation of flecks. Selective Laser Melting (SLM) was successfully used to produce Ti-185 components starting from elemental Ti and Fe powders, and an Al-V master alloy powder with irregular shape. Microstructure analysis of the as-built components demonstrated that SLM can be used to produce a very fine grain microstructure with nano-scale precipitates and non-detrimental Fe segregation. The findings are interpreted in terms of the rapid solidification conditions during SLM. Compression test results reveal that ultra-high strength and reasonable ductility can be achieved in the as-built as well as heat treated samples.
Introduction
Additive manufacturing (AM) is an emerging technology for producing near-net-shaped components directly from powders or wires melted by a high-power-density heat source. The main advantage of AM is its ability to directly produce complex geometries with minimal material waste. New material options are required that take advantage of the corresponding rapid solidification rates.
Titanium alloys provide components with high specific strength and high operating temperatures. In recent years, (near) β-Ti alloys have been widely explored owing to their higher strength, and improved combinations of toughness and fatigue resistance as compared to other Ti alloys [1] . These alloys contain high additions of stabilizing elements (Mo, V, Cr, Fe). Wide-scale adoption of -Ti alloys is limited due to high costs, which are partly due to the cost of the Mo, V, and Cr alloying elements. Ti-1Al-8V-5Fe (Ti-185) is a unique low-cost -Ti alloy, containing lower cost alloying elements, notably Fe, as compared to Ti-10V-2Fe-3Al (Ti-1023) and Ti-5Al-5V-5Mo-3Cr (Ti-5553) while offering high strength and fatigue life. Although was patented more than 50 years ago, it is not commercially viable using traditional processing. This is because strong micro-segregation of Fe occurs during casting [2, 3] , resulting in large variations in composition and leading to the precipitation of brittle phases. For the few niche applications where Ti-185 is currently utilized, the alloy is heat-treated to produce a microstructure consisting of a β matrix with primary phases at the grain boundaries as well as a nano-scale distribution of precipitates within the grain interiors.
Recently, Joshi et al. [4] developed a processing route for Ti-185 consisting of powder metallurgy followed by thermo-mechanical processing. In this way, both the segregation of Fe and the formation of detrimental fleck phase were bypassed. ( flecks are phase regions strongly enriched with stabilizing elements such as Fe and/or Cr [5] ). Although the properties were excellent (1655 MPa strength and 4-6% elongation), a lengthy and costly sintering treatment and multiple rolling steps were required for component fabrication [6] . Using an aging treatment below the -transus temperature, Devaraj et al. [6] then developed a hierarchical nano-structured alloy with very fine primary and secondary within the -matrix. This microstructure resulted in a unique combination of strength and ductility, surpassing available commercial Ti alloys.
In the present, the use of Ti-185 as a novel material for Selective Laser Melting (SLM) (a powder-bed based AM technology) is investigated. Compared to the + grades, very few studies on AM of titanium alloys have been published [7, 8, 9, 10, 11, 12] . This is thought to be due to the limited powder stock available for SLM. The main objective of this work is to develop a printed component of Ti-185 alloy having minimal segregation and porosity, and reasonable mechanical properties. During AM of metals, the cooling rates are estimated to reach up to 10 3 -10 4 º C/s [13] , which could greatly reduce Fe segregation and minimize the formation of the flecks, ensuring that the optimal component yield strength and toughness is achieved. Eylon and Froes pointed out that Ti-185 should only be used with processes enabling rapid transformation from the liquid to the solid state [14] . It would thus appear that AM, characterized by high solidification rates, is uniquely suited for processing Ti-185.
Materials and Methods
Ti-185 powder was obtained from ADMA Advanced Materials Products, Inc., Hudson, Ohio. The powder is an elemental mixture of Ti, Fe, and a V-Al master alloy. First, the powder was ball milled and sieved to achieve the appropriate size distribution for SLM. Ball milling, traditionally used in powder metallurgy, has also been used in recent years to develop elemental powders suitable for AM processes [15, 16] . The use of elemental powder as feedstock also contributes to material saving costs and allows for future flexibility in alloy design. The powder characteristics (size distribution, flowability and apparent density) were measured using a laser diffraction technique and Hall tests following ASTM standards B212 [17] and B213 [18] . Second, an EOS-M280 SLM apparatus was used to build a series of sample coupons for metallographic examination and mechanical testing. The base plate was a Ti-5553 near-β titanium alloy, preheated to 80 °C. A stripe laser pattern was used with the laser power, scanning speed, hatch spacing and layer thickness being 370 W, 1035 mm/s, 0.12 mm and 0.06 mm, respectively. During every new layer, the stripes were rotated counterclockwise by ~67ᵒ compared to the previous layer. This set of parameters was equivalent to a power density of approximately 50.4 J/mm 3 , and was used based on values published previously [19] . An argon atmosphere was maintained throughout the build process. Third, samples were cut, ground and polished with a mixture of 10% hydrogen peroxide in colloidal silica as the last polishing step. Kroll's solution was used to etch the samples. Fourth, optical and electron microscopy were performed, along with electron back-scatter diffraction (EBSD) and energy-dispersive spectroscopy (EDS) for microstructural and chemical analyses. Xray diffraction (XRD) was also carried out in order to identify the phases present in both the powder and the as-built samples. Finally, compression tests were performed on cylindrical samples 5mm in diameter and 8 mm height using a universal MTS machine at nominal strain rate of 1 × 10 -3 s -1 . Teflon tape was used as a lubricant between the samples and the platens.
Results and Discussion

Initial powder characterization
Figure 1 presents an overview of the Ti-185 powder characteristics. Figure 1a shows the backscatter electron image of the Ti-185 elemental powder. As can be seen, the powder has irregular shape as a result of being fabricated using ball milling. The XRD results show the three main constituents of the powder as titanium, a vanadium-aluminum master alloy and iron particles. The powder has a relatively wide size distribution with the particle diameters at 10%, 50% and 90% in the cumulative distribution being 21, 51, and 68 µm, respectively. The Hall flowability test indicates that the powder had no flowability, and an apparent density of 3.1 g/cm 3 .
Characterization of the as-built structure
Figures 2a and 2b show optical micrographs of the SLM-built sample in the as-polished and etched conditions. The individual build layers are visible, along with a small amount of porosity. Using image analysis techniques, the average porosity content was evaluated to be ~0.62 %, which is much lower than typical powder processing techniques. Using the Archimedes method, the density of the as-built structure was measured to be 4.6618 g/cm 3 which is very close to the theoretical density of this alloy, i.e. 4.6676 g/cm 3 . Figure 2c shows an XRD map of the Ti-185 as-built sample shown in Figure 2b , confirming the presence of both the body centered cubic phase and the hexagonal close-packed phase. A corresponding EDS line scan of ~300 µm and equivalent to 5 deposition layers, Figure 2d , showed no macroscale gradients in any of the alloying elements. This is consistent with solidification occurring only at the scale of the powder layer. The average oxygen content of the as-built sample was determined via EDS to be ~0.78 wt.%. Note that a second XRD pattern, a Ti-185 sample subsequently heated to 1200 °C, is also shown in Figure 2c . This will be discussed as part of The images provided in Figure 2 show that Ti-185 can be produced using SLM process to create a high-integrity structure, but what does the microstructure look like? In Figure 3 , optical micrographs of the as-built Ti-185 structure are shown. Figure 3a shows a low-resolution optical image of the as-built sample; the grain size is rather uniform, with a mean value of ~ 13 um, Figure   3b . The very fine grain structure produced by SLM is in sharp contrast to the large grains that form when -Ti alloys are produced via casting [20, 21] , which then requires extensive thermomechanical post-processing for the refinement. Another interesting observation is the variations in contrast as can be seen along the build direction in Figure 3a . Some areas of the microstructure are brighter as compared to the surrounding matrix as highlighted in Figure 3b . To further investigate this observation, high resolution EBSD maps were obtained of the as-built microstructure. Figure 4a shows the EBSD band contrast map of the as-built sample depicting high angle gbs. At this resolution, only a few α phase particles can be seen. Figure 4b shows a high-resolution EBSD image of the identified white square. As can be seen, the structure actually consists of a matrix in white with fine α phase films along the grain boundaries, as well as precipitates within the grains. The interior precipitates appear to have an orientation relationship with the matrix, suggesting that these precipitated from during cooling. An interesting observation from Figure 4b is that it appears that the phase is inhomogeneously distributed even within a single grain. It is hypothesized that this inhomogeneous distribution of phases is responsible for the "white band" contrast seen in Figure 3b that appears on a repeating basis. The EDS elemental map of Fe, Figure 4c also show the inhomogeneous distribution of the phases.
Specifically, areas having limited α phase contain 8-11 wt. % Fe while areas with a higher density of the phase contains 2-5 wt. % Fe. This is consistent with Fe being an effective stabilizer.
Thus, although there was no macro-segregation of alloying elements (Figure 2d ), there is clearly local partitioning and segregation of alloying elements on a layer-by-layer basis during SLM, leading to an inhomogeneous distribution of the phase within individual grains. Figure 5 shows a schematic of the thermal history experienced by a single layer of elemental Ti-185 powder during the SLM process. This schematic can be used to propose a mechanism for the inhomogeneous α phase formation seen in Figure 4 . The powder first experiences melting and solidification, stage 1. During this process, the liquid transforms into the β-phase, as confirmed by Thermo-Calc [22] .
Next, the layer is heat treated during deposition of the successive layers, stages 2 and 3. If the temperature achieved during this in situ heat treatment exceeds the β-transus temperature, a fully β-beta structure will develop. The XRD results presented in Figure 2c verify this hypothesis, as it shows that a sample heat treated at 1200 °C for 10 min followed by water quenching consists of fully β-phase structure. However, heat treatment will also take place below the β-transus temperature as further layers are added to the build. In this case, the phase can form at the boundaries as well as interior of the β-beta matrix, stage 3. A higher oxygen content increases the β-transus temperature, thus expanding the range in which such the formation of the phase can occur. Similar microstructures developed through in situ heat treatment during SLM have been reported for other titanium alloys [19, 23] . Figure 6a is a bright field TEM image of the as-built sample. Analysis of the selected area diffraction pattern, Figure 6b , and dark field images, Figure   6c , confirm the presence of the phase as well as a small fraction of phase. The phase has a plate-like shape with an average length of 305 nm and a width of ~55 nm. The phase is very fine, < 50 nm, and is located in contact with the phase. This suggests nucleation of the α phase from the ω phase as reported in the literature [24, 25] . The TEM image has also revealed the presence of a high dislocation density, Figure 6e , in the as-built sample. This is a common feature of AM material due to the high thermal stresses that develop during the fast cooling rates [26, 27] . 
3.3.Characterization of the heat-treated microstructure
After the SLM processing, additional heat treatment can be introduced to further modify the microstructure, as sketched at the end of Figure 5 . The aging treatment may change the morphology and distribution of phase seen in Figure 4b and/or lead to grain growth depending on applied temperature and its duration. Figure 7 shows the microstructure of the as-built sample aged at 800 ˚C and 960 °C for 1 hr and 30 min, respectively, followed by a water quench. At the lower heat treatment temperature, Figure 7a ., a fine grain distribution is maintained as the grain boundaries are pinned by the phase. A uniform distribution of phase within the matrix is achieved, Figure 7c . However, at 960 ºC, the grains have grown larger, Figure 7b , as compared to the samples aged at 800 ˚C. The process of phase spheroidization has also taken place, Figure   7d . Based on the diffusivity of Fe in the phase [29] , a diffusion distance of 16 μm was calculated at 800 °C for 1hr. This distance is comparable with the scale of the precipitate heterogeneity seen in Figure 3b , and explains the observed uniform distribution of the phase. Figure 8 shows compression test results on the as-built sample as well as the sample heat treated at 960 °C for 30 min. As can be seen, the as-built material showed a very high compression strength, reaching ~1.7 GPa at a plastic strain of 0.1 prior to failure. The corresponding hardness was measured to be ~470 HV. As a result of the heat treatment, both the compressive strength and strain to failure have increased, to ~1.8 GPa and 0.3, respectively. The compression strength of both the SLM-built and heat treated Ti-185 alloy are seen to be significantly higher in comparison to the powder processed as-sintered Ti-185 alloy as well as the in situ heat treated Ti-5553 alloy developed through the SLM process, Table 2 [8, 21] .
Mechanical Properties
The excellent combination of high strength and plasticity in the as-built sample is achieved as a result of four main contributing factors: (1) the fine grain size of the as-built sample that strengthens via a Hall-Petch type relation [30, 31, 32] ; (2) a high dislocation density present in AM-built structures that has been estimated to reach 10 15 m/m 3 and coming close to values seen in heavily deformed metals [27] , nano-scale alpha (α) phase distributed within the β-beta matrix that provide dispersion strengthening [4] ; and (4) high oxygen content that hardens Ti via solid solution strengthening [33] .In the heat treated sample, the modification of the alpha phase distribution without a significant change in the beta grain size is seen to provide an improved combination of strength and plasticity, the details of which require further investigation. Future work will also examine the effect of oxygen content; lowering the oxygen content (e.g. below 0.4 wt. %) is expected to lead to further improvements in ductility and toughness. 
Conclusions
An Fe-containing Ti alloy prone to embrittlement due to severe segregation during ingot casting, Ti-185, has been successfully produced by SLM. The combination of the small grains found in the as-built Ti-185 and the absence of these flecks provide strong metallurgical evidence that Ti-185 is a promising material for SLM. A remarkable combination of strength and plasticity is achieved as a result of a very fine-grained structure, nano-scale alpha phase distributed within the beta (β) matrix, high dislocation density as well as high oxygen content. This process can open a new avenue for developing a new family of Fe-containing titanium alloys for additive manufacturing.
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